INTRODUCTION
Gene duplication is an innovative platform for the diversification and adaptation of species. While most duplicated genes are of no immediate selective value and thus undergo degeneration, in rare instances, a duplicated gene provides a useful function and thus it persists over evolutionary time (Innan and Kondrashov, 2010) . The specific selective forces that lead to the retention and subsequent alterations in duplicated genes have been widely studied. A clear-cut example of a duplicated gene that is of immediate selective value is when it increases the level of a rate-limiting gene product (Kondrashov et al., 2002) . Gene duplication can also lead to a scenario in which the gene paralogs acquire mutations that ultimately subdivide their functions or expression patterns between the paralogs, a process called subfunctionalization (Hittinger and Carroll, 2007; Innan and Kondrashov, 2010) . For example, if the original protein has two or more functions that cannot be independently improved upon, paralogs can provide a division of labor such that each paralog specializes and optimizes the functions independently. Another example of subfunctionalization occurs when there is a divergence in the expression pattern of redundant gene paralogs; this leads to strong selection to maintain all such gene paralogs because each paralog becomes essential for the particular cell types and developmental stages in which it is expressed. In other cases, gene paralogs acquire new functions, a process called neo-functionalization (Innan and Kondrashov, 2010; Teshima and Innan, 2008) . For example, a protein domain may be created in a newly formed gene paralog that increases the fitness of an organism. While intuitively attractive, the neofunctionalization model suffers from the fact that selection processes act on current functions, not promises of future functions. Thus, it is unclear whether new functions can be sculpted rapidly enough (through mutation) for selective forces to act upon them. In the absence of selection, gene paralogs become non-functional; e.g., deteriorate into pseudogenes.
Here, we report an evolutionary outcome of gene duplication-functional antagonism-that can rapidly integrate into existing regulatory circuitry to provide biological benefit. In particular, we identify a gene paralog pair that has evolved to encode proteins with opposing functions. The pathway regulated by this paralog pair is nonsense-mediated RNA decay (NMD), a highly conserved RNA degradation pathway that has dual roles. One role is to serve as a RNA surveillance pathway that degrades aberrant mRNAs harboring premature termination (nonsense) codons (PTCs). This quality control role is important, as PTC-bearing mRNAs are commonly generated by mutation and biosynthetic errors, including alternative splicing. By reducing the levels of such PTC-containing mRNAs, NMD reduces the expression of truncated proteins, some of which have dominant-negative effects Rebbapragada and Lykke-Andersen, 2009 ). The second role of NMD is to degrade a subset of normal mRNAs. Studies in which factors crucial for NMD have been depleted or completely ablated in species spanning the phylogenetic scale have revealed dysregulation of a large subset of the ''normal transcriptome'' ($3% to 15% of mRNAs) (Lykke-Andersen and Jensen, 2015) . This suggests that NMD serves as an important regulator of normal gene expression.
Several contexts have been defined that allow a stop codon in a normal mRNA to trigger mRNA decay. In mammals, the bestestablished NMD-inducing context is one in which there is at least one exon-exon junction downstream of the stop codona dEJ. This allows a set of NMD-enhancing proteins recruited near exon-exon junctions-collectively called the exon-junction complex (EJC)-to avoid being displaced by translating ribosomes (Lykke-Andersen and Jensen, 2015) . The EJC directly binds with the UPF3B protein (also known as ''UPF3X''), which serves as an adaptor protein that interacts with other NMD factors to trigger rapid RNA decay (Buchwald et al., 2010; Kadlec et al., 2004) .
Interest in the NMD adaptor protein, UPF3B, intensified when it was discovered that UPF3B mutations cause intellectual disability in humans (Tarpey et al., 2007) . Intellectual disability patients with UPF3B mutations also commonly suffer from autism or schizophrenia, suggesting that UPF3B, and by implication, NMD, is also important for normal psychiatric behavior (Nguyen et al., 2014) . The underlying basis for UPF3B function in the nervous system is poorly understood, but one function is to coordinate differentiation decisions in neural stem cells and progenitors. Depletion of UPF3B in neural progenitor cells (NPCs) increases their proliferation and impairs neurite formation, suggesting that NMD promotes the differentiation of already committed neural progenitor cells (Jolly et al., 2013) . However, substantial evidence indicates that NMD has the opposite effect on neural stem cells-it promotes the stem-like state and proliferation (Lou et al., 2014) . Because NMD is a branched pathway, it is possible that these different functions emanate from different branches, each of which are known to regulate different subsets of NMD substrate mRNAs (Lykke-Andersen and Jensen, 2015; Huang and Wilkinson, 2012) .
UPF3B is unique among known NMD factors in having a related sister protein-UPF3A. UPF3A and UPF3B are encoded by an evolutionarily ancient paralog pair that exists in most, if not all, vertebrates, including all sequenced mammals, frogs, fish, and birds. It is not known why this gene paralog pair has persisted since the origin of vertebrates. It has been hypothesized that UPF3A and UPF3B have redundant functions (Chan et al., 2007; Kunz et al., 2006; Lykke-Andersen et al., 2000; Nguyen et al., 2012) , a notion supported by the fact that UPF3A is dramatically upregulated when UPF3B is downregulated or eliminated (Chan et al., 2009 ). This possibility is also consistent with the association between the magnitude of this UPF3A upregulatory response and the severity of neurological symptoms in intellectual disability patients with UFP3B mutations (Nguyen et al., 2012) .
If indeed UPF3A and UPF3B act redundantly in NMD, it is critical that they also each have unique properties that have allowed them to both persist over evolutionary time. One possibility is that UPF3A and UPF3B have unique expression patterns that allow them to be independently selected for, in accordance with the subfunctionalization model. In support, Upf3a is much more highly expressed in the testis than in other adult organs (Serin et al., 2001; Zetoune et al., 2008) . In contrast, Upf3b, while ubiquitously expressed in most tissues, is a candidate to be transcriptionally silenced in testicular germ cells given that it is an Xlinked gene and thus would be predicted to be subject to meiotic sex chromosome inactivation (MSCI), which transcriptionally silences genes on the X and Y chromosomes during male meiosis (Turner, 2007) . If indeed Upf3b is transcriptionally silenced in meiotic germ cells, this raises the possibility that Upf3a, which is present on an autosome, might serve to replace Upf3b function in meiotic germ cells, thereby explaining the high expression of Upf3a in the testis and providing a justification for the persistence of these two paralogs over evolutionary time.
While potentially attractive, the subfunctionalization model for explaining the long-term persistence of the UPF3A/UPF3B paralog pair suffers from the uncertainty as to whether UPF3A is actually an NMD factor. The only evidence that UPF3A is a NMD factor comes from gain-of-function studies in which UPF3A was tethered downstream of a stop codon in reporter RNAs using the high-affinity RNA-binding proteins MS2 and lN. Such UPF3A-fusion proteins only elicited trace NMD activity ($20% downregulation), as judged by reporter RNA analysis (Kunz et al., 2006; Lykke-Andersen et al., 2000) . In contrast, other human NMD proteins, including UPF3B, exhibited strong NMD activity in this tethering assay. This weak ability of UPF3A to promote NMD is surprising given that it is encoded by an ancient gene ($500 million years old) that presumably has had ample time to be selected to encode a protein with strong NMD activity. Indeed, UPF3A is poised for such a role, as a single amino-acid substitution is sufficient to convert UPF3A into a strong NMD factor, comparable in activity with UPF3B (Kunz et al., 2006) .
In this communication, we addressed this paradox by re-evaluating the function of UPF3A using loss-of-function approaches. Our analysis revealed that UPF3A is actually a broadly acting NMD inhibitor. This discovery implies that UPF3A and UPF3B do not primarily work in a complementary or redundant manner as previously supposed; instead, they oppose each other, allowing this paralog pair to serve as a molecular rheostat to modulate the level of gene expression during development.
RESULTS

UPF3A Is a NMD Repressor
We addressed the function of UPF3A by performing loss-offunction experiments. Surprisingly, we found UPF3A depletion led to downregulation, not upregulation, of 6 of the 8 NMD substrates we examined in mouse P19 cells ( Figure 1A ), raising the possibility that UPF3A is a NMD repressor. Since the hallmark of NMD is that it destabilizes its target mRNAs (Maderazo et al., 2003) , we next examined whether UPF3A antagonizes this destabilization. Indeed, we found that depletion of UPF3A destabilized multiple NMD target mRNAs, implying that UPF3A stabilizes NMD target RNAs ( Figures 1B and S1A ). UPF3A depletion also increased NMD magnitude as judged using a NMD reporter system ( Figures 1C, S1B , and S1D) (Boelz et al., 2006) . As a converse experiment, we overexpressed UPF3A and found that this impaired the magnitude of NMD ( Figure S1E ). To determine whether the ability of UPF3A to repress NMD is a peculiarity of P19 cells, we examined mouse embryonic fibroblasts (MEFs) and found that UPF3A also suppressed the downregulation of most NMD substrates in these cells ( Figure 1D ).
Our evidence that UPF3A is a NMD repressor was at apparent odds with the previous evidence that UPF3A is a weak NMD factor (Kunz et al., 2006; Lykke-Andersen et al., 2000) . To reconcile this, we considered the possibility that UPF3A is not a NMD repressor per se, but instead it reduces NMD activity conferred by its paralog UPF3B. By replacing its paralog in molecular interactions with other NMD factors, UPF3A might ''repress'' NMD merely by virtue of being a weaker NMD factor than UPF3B, which acts in a specific branch of the NMD pathway (Chan et al., 2007; Huang et al., 2011; Tarpey et al., 2007) . This hypothesis predicts that depletion of UPF3A in cells already lacking UPF3B would weaken NMD. Alternatively, if UPF3A is a bona fide NMD repressor, depletion of UPF3A would strengthen Figure S1 .
NMD, even in UPF3B-deficient cells.
To test this hypothesis, we generated Upf3b-KO mouse neural stem cells (mNSCs) and matching control cells. We found that depletion of UPF3A in these Upf3b-KO mNSCs decreased the level of all NMD substrates tested ( Figure 1E ). As a control, we depleted the core NMD factor, UPF1, which triggered the opposite effect, as expected ( Figure 1E ). This evidence strongly supported the notion that UPF3A is a bona fide NMD repressor in vitro. We found that a subset of NMD substrates escaped UPF3A-mediated NMD repression in some contexts. For example, Gas5 and Snord22 RNA were not downregulated in UPF3A-depleted P19 cells, indicating that these ''non-coding'' NMD substrate transcripts can escape UPF3A-mediated repression of NMD ( Figure 1A ). However, both of these transcripts were downregulated in response to UPF3A depletion in MEFs and mNSCs ( Figures 1D and 1E ). This suggested that the ability of Gas5 and Snord22 RNA to escape UPF3A-mediated repression is not an intrinsic feature of these transcripts, but rather a cell-type-specific response. We conclude that while UPF3A is a broadly acting NMD suppressor, some NMD substrate transcripts can escape its activity in specific cellular contexts, a possibility we explore further below.
Genome-wide Impact of UPF3A We performed RNA sequencing (RNA-seq) half-life analysis to globally define mRNAs regulated by UPF3A. If UPF3A is primarily a NMD repressor, this predicts that more RNAs would be destabilized than stabilized in response to UPF3A depletion. Consistent with this prediction, we found that 83% of the mRNAs displaying significantly altered stability were destabilized in response to UPF3A depletion (Figures 2B and 2C ; Table S1 ). Because destabilization after UPF3A depletion implies these mRNAs are stabilized by UPF3A, we will refer to these mRNAs as ''UPF3A stabilized.'' Conversely, mRNAs stabilized after UPF3A depletion will be referred to as ''UPF3A destabilized.'' Figures S2C and S2D show examples of UPF3A-stabilized and UPF3A-destabilized mRNAs, respectively.
To assess whether a significant proportion of the UPF3A-stabilized mRNAs are normally degraded by NMD, we compiled highconfidence NMD substrates identified from previously published studies and determined whether any of these overlapped with the UPF3A-stablized RNAs we identified. This analysis revealed that 350 of the mouse UPF3A-stabilized transcripts in P19 cells are high-confidence NMD substrates (Table S2 ). We regarded this as a remarkably large number of mRNAs given that few high-confidence NMD substrates have been defined so far. As evidence that UPF3A can also act as a NMD factor, we found that 64 of the UPF3A-destabilized transcripts are also high-confidence NMD substrates (Table S2 ). Given that our results were obtained with mouse P19 cells, whereas the vast majority of high-confidence NMD substrates were defined in human cells (Table S2) See also Figure S2 and Tables S1, S2 , and S6.
our results suggest that UPF3A acts as both a NMD repressor and NMD factor on conserved NMD target mRNAs. As further evidence for this, human orthologs of mouse mRNAs exhibiting altered stability in UPF3A-depleted mouse P19 cells also exhibited altered mRNA level in UPF3A-depleted human HeLa cells ( Figure 2E ). NMD is elicited when the stop codon defining the end of the main ORF is present in specific contexts, including when a stop codon is followed by a dEJ (see the Introduction). Consistent with UPF3A acting on mRNAs degraded by NMD, the frequency of dEJs was higher for both UPF3A-stabilized and UPF3A-destabilized mRNAs than mRNAs not exhibiting altered stability in response to UPF3A depletion ( Figure S2B ). However, this trend was not statistically significant, suggesting that another NMD-inducing feature might also contribute. Indeed, we found that UPF3A-stabilized mRNAs had significantly longer 3 0 UTR length than did control mRNAs or UPF3A-destabilized mRNAs (p < 0.0001; Figure 2D ), which is consistent with previous findings that long 3 0 UTRs can elicit NMD (Lykke-Andersen and Jensen, 2015) . This finding raised the possibility that 3 0 UTR length is one determinant that dictates whether UPF3A stabilizes or destabilizes its targets.
Gene ontology (GO) analysis (Sherman et al., 2007) revealed that the proteins encoded by UPF3A-stabilized and UPF3A-destabilized RNAs were statistically enriched for several processes, including functions related to transcription, the cell cycle, and embryonic development ( Figures 2F and S2A ).
Conservation and Molecular Mechanism of UPF3A
Repressor Activity Analysis of available databases revealed that invertebrates harbor only one copy of the Upf3 gene, while vertebrates have two copies-Upf3a and Upf3b ( Figure 3A ). This suggests that the Upf3 duplication event occurred approximately when the vertebrate lineage first emerged. In support of this, phylogenetic analysis showed that Upf3a and Upf3b cluster separately in all vertebrates we examined ( Figure S3A ).
The experiments described above were performed on mouse UPF3A. To determine whether the ability of UPF3A to repress NMD is conserved, we tested the function of human UPF3A. In support of human UPF3A acting as a NMD repressor, we found that exogenous expression of human UPF3A restored NMD inhibition in mouse UPF3A-depleted P19 cells ( Figure 3B ) and overexpression of UPF3A in HeLa cells significantly upregulated the majority of NMD substrates we tested ( Figure 3C ). These data, along with our finding that both mouse and human orthologs of NMD substrates are targeted by UPF3A ( Figures 1A and 2E ), suggest that the ability of UPF3A to repress NMD is conserved.
To address how UPF3A represses NMD, we first considered the action of UPF3A's paralog, UPF3B, which serves as an adaptor that links the NMD protein UPF2 with the EJC (Figure 3D ). The UPF2-and EJC-interacting regions of UPF3B are [ctrl] shRNAs) and the hUPF3A expression constructs (WT or the mutants depicted in E) or empty vector (EV). NMD magnitude was assessed using the NMD reporter described in Figure 1C .
(C) qPCR analysis of NMD substrates in HeLa cells, comparing expression in cells transiently transfected with UPF3A expression vector or empty vector, the latter of which was set to one. (D) Model: UPF3B promotes NMD by bridging the EJC with UPF1 and UPF2. (E) Schematic of hUPF3A constructs used in (B) and (F). Both of the mutant UPF3A proteins were previously shown to be expressed at levels similar to that of the wild-type UPF3A protein (Kunz et al., 2006) . (G) Amino acid similarity between mouse and human UPF3A/UPF3B. Values below 70% are shown in red. *p < 0.05; ***p < 0.001. See also Figure S3 . in its N-and C-terminal halves, respectively (Buchwald et al., 2010; Kadlec et al., 2004; Kunz et al., 2006) . UPF3A has been shown to have the same basic organization as UPF3B (Lykke-Andersen et al., 2000) , and thus we examined its UPF2-and EJC-interacting regions to determine whether they had a role in the ability of UPF3A to repress NMD. To test the UPF2-interaction region, we examined the NMD activity of UPF3A-Dex4, a natural splice variant of UPF3A mRNA lacking exon 4 ( Figure 3E ) (Kadlec et al., 2004) . This form of UPF3A (also called UPF3A-S), while stable, fails to interact with UPF2, based on co-immunoprecipitation (coIP) experiments (Kunz et al., 2006) . We found that it also failed to inhibit NMD, even when expressed at high levels ( Figure S3B ), and that it did not significantly rescue NMD repression in P19 cells depleted of Upf3a ( Figure 3F ). The notion that UPF3A must interact with UPF2 to silence NMD was further supported by the fact that 7 of the 8 amino acid residues in UPF3B known to be critical for UPF2 interaction are present in both mouse and human UPF3A (Kadlec et al., 2004) . Given the functional difference we uncovered for UPF3A and UPF3A-S, we examined their expression in different tissues. We found that the UPF3A/ UPF3A-S ratio shifted in different tissues ( Figures S3C-S3E ), suggesting tissue-specific regulation.
To elucidate the role of the EJC-interaction domain of UPF3A, we tested the UPF3A mutant, UPF3AD434-447, which lacks the ability to interact with the EJC (Kunz et al., 2006) . Doseresponse analysis showed that this UPF3A mutant was indistinguishable from wild-type UPF3A in its ability to silence NMD ( Figure S3B ). Moreover, this UPF3AD434-447 mutant was as capable as wild-type UPF3A in restoring NMD silencing in mouse P19 cells depleted of mouse UPF3A ( Figure 3F ). The dispensability of the EJC-interaction domain for UPF3A repressor activity is consistent with the fact that the EJC-interacting half of UPF3A is extremely poorly conserved (only 60% similar between mice and humans; Figure 3G ). In striking contrast, the EJC-interacting half of UPF3B is relatively highly conserved (92%), as are the UPF2-interacting halves of both UPF3A and UPF3B (94% and 96% similarity, respectively) ( Figure 3G ).
These findings supported a model in which UPF3A acts as a molecular decoy that discourages UPF2 from forming an NMD-promoting complex with the EJC (Figure 4A ). Consistent with this model, several previous studies have shown that UPF3A interacts more poorly than UPF3B with the EJC, as shown by co-immunoprecipitation (Kim et al., 2001; Kunz et al., 2006) , fluorescence anisotropy (Buchwald et al., 2010) , and surface plasmon resonance analyses (Buchwald et al., 2010) . To further evaluate this model, we tested the effect of . These UPF3 mutants were previously shown to be expressed at levels similar to that of the corresponding wild-type UPF3 proteins (Kunz et al., 2006) . (C and D) A single amino acid in the EJC-interaction domain is critical for NMD repressor activity. Experiments were performed as in Figure 3B with the constructs shown in Figure 4B . Figure S4 .
other UPF3 mutations. Our model predicts that swapping UPF3A's weak EJC-interaction domain with the strong EJC-interaction domain of UPF3B would eliminate UPF3A's NMD repressor activity. Indeed, we found that a hybrid UPF3A/UPF3B protein with this swap ( Figure 4B ) no longer had NMD-inhibiting ability and instead exhibited modest, but statistically significant, NMD-promoting activity ( Figure 4C ). Indeed, a single amino-acid substitution in the EJC-interaction domain of UPF3A (UPF3A-A432R) previously shown to increase UPF3A's interaction with the EJC (Kunz et al., 2006) was sufficient to convert UPF3A into a NMD activator ( Figure 4D ). The converse prediction of our model is that UPF3B can be converted into a NMD inhibitor by simply ablating its EJCinteraction domain. Indeed, we found this to be the case (hUPF3BD421-434 in Figure 4C ).
UPF3A could inhibit NMD by sequestering UPF2 from an NMD substrate RNA or it could prevent the interaction of UPF2 with other NMD factors after UPF2 is already assembled on a NMD substrate RNA. To distinguish between these possibilities, we asked whether UPF3A influenced NMD triggered by UPF2 tethered to a reporter mRNA ( Figures 4E and 4F) . We found that strong UPF3A depletion ( Figure S4A ) did not significantly affect the ability of tethered UPF2 to elicit NMD ( Figure 4F ). As a control, we tested the effect of UPF3B depletion ( Figure S4A ) and found that this ablated the ability of tethered UPF2 to elicit NMD ( Figure 4F ). This suggested that UPF3A does not inhibit the action of UPF2 once it is already recruited to an mRNA and instead supported the notion that UPF3A sequesters UPF2 from NMD substrates.
As a final test of our model, we examined whether UPF3A suppresses the generation of a productive NMD-mRNP complex. Our model predicts that depletion of UPF3A should reduce the sequestration of UPF2 from a productive NMD-promoting complex and thus increase the interaction of the EJC with the central NMD factor UPF1 ( Figure 4A ). In agreement with this prediction, UPF3A depletion ( Figure S4B ) significantly increased the interaction of UPF1 with the EJC components MLN51 and MAGOH, as assessed by co-immunoprecipitation analysis ( Figure 4G ). We conclude that UPF3A is a conserved NMD-silencing factor that requires the N-terminal domain, but not the C-terminal domain, and likely acts by sequestering the essential NMD factor, UPF2, from the NMD machinery.
UPF3A Is Essential for Early Embryogenesis
To investigate the physiological role of UPF3A in vivo, we generated Upf3a-floxed (fl) mice ( Figures 5A, 5B ) and wild-type (Upf3a +/+ ) mice progeny were generated, implying an embryonic lethal phenotype. We traced the lethality as occurring between embryonic day 4.5 (E4.5) and E8.5 ( Figure 5C ). Defects were observable as early as E3.5, as Upf3a À/À embryos with poor morphology were enriched at this time point, relative to Upf3a +/À and Upf3a +/+ embryos ( Figure 5D ).
Consistent with a role in early embryogenesis, we found that UPF3A protein is highly expressed in the inner cell mass of E3.5 blastocysts ( Figure 5E ). UPF3A is also highly expressed in earlier stages, including the one-cell embryo stage, where we found it concentrated in the cytoplasm (Figures 5F and S5C) . In contrast to the high expression of UPF3A in early embryogenesis, UPF3A protein is undetectable or lowly expressed in most adult tissues ( Figure S6A ). This low level of UPF3A protein occurs despite ubiquitous expression of Upf3a mRNA in all adult tissues ( Figure 6A ). The low expression of UPF3A probably results from a cross-regulatory pathway we previously uncovered that destabilizes UPF3A protein when it cannot interact with UPF2, an NMD factor for which both UPF3A and UPF3B compete (Chan et al., 2009 ). Because of this cross-regulatory pathway, UPF3A protein levels would be predicted to be greatly elevated in the absence of UPF3B. Indeed, we found that mice lacking UPF3B (Upf3b-null mice) had greatly elevated levels of UPF3A in all tissues we examined ( Figures S6B and S6C ).
UPF3A Functions in Gametogenesis
We elected to study the function of UPF3A in detail in the testis, as we found it is the only adult tissue in which UPF3A protein and Upf3a mRNA is highly expressed (Figures 6A and S6A) , the latter of which was previously reported (Serin et al., 2001; Zetoune et al., 2008) . We hypothesized that one reason why UPF3A is abundant in the testis is because its paralog, the X-linked gene Upf3b, is transcriptionally inactivated in meiotic germ cells (spermatocytes) as a result of the epigenetic silencing mechanism, MSCI (see the Introduction). If indeed Upf3b were transcriptionally silenced by MSCI, this would relieve the destabilizing effect of UPF3B on UPF3A (Chan et al., 2009 ), which would increase
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UPF3A protein levels. In support of MSCI operating on the Upf3b gene, we found that Upf3b mRNA levels were exceedingly low during leptotene-to-pachytene (Figure 6B ; note the log scale), the stages of meiosis when MSCI is known to be most active (Turner, 2007) . As further evidence, we found that UPF3B protein was not visibly expressed in pachytene spermatocytes ( Figure 6C ). In striking contrast, UPF3A protein is highly expressed in spermatocytes, including at the leptotene and pachytene stages ( Figure 6C ), consistent with its relief from UPF3B-mediated destabilization. Also likely contributing to the high expression of UPF3A protein in spermatocytes is the high level of Upf3a mRNA in these cells. Analysis of Upf3a mRNA expression across different germ cell subsets revealed that Upf3a mRNA is strongly enriched in pre-leptotene spermatocytes (>10-fold higher than whole testis), and this high expression persists through all subsequent meiotic germ cell stages ( Figure 6B ).
Given the high expression of UPF3A in male germ cells, we examined whether it functions in this cell lineage by crossing Upf3a-floxed mice with Stra8-Cre mice, which first express CRE in male germ cells on postnatal day $5, just prior to the initiation of meiosis (Sadate-Ngatchou et al., 2008) . These Stra8-Cre;Upf3a fl/fl mice (hereafter called Upf3a-conditional [c] KO mice) had no gross-level abnormalities and were of normal body weight ( Figure S6D ), but had a significant ($10-fold) reduction in sperm count relative to wild-type littermates ( Figure S6E ). To determine whether specific germ cell subsets were affected by loss of UFP3A, we evaluated the expression of germ cell markers in dissociated cells obtained from purified seminiferous tubules from Upf3a-cKO and control littermate mice. This analysis revealed that the general germ cell marker genes, Ldhc and Rec8, were significantly downregulated in Upf3a-cKO mice, as were the spermatocyte-specific marker genes, Spo11 and Sycp3 ( Figure 7A ). The former confirmed our hypothesis that spermatogenesis is impacted by loss of UPF3A, and the latter suggested that the generation or survival of spermatocytes was specifically impacted, a possibility consistent with high UPF3A expression in these cells (Figures 6B and 6C) . If this were the case, post-meiotic cells would also be predicted to decline. In support of this notion, the spermatid-specific markers, Tp2 and Prm2, were strongly downregulated in Upf3a-cKO mice ( Figure 7A ). In contrast, Stra8, which is expressed at earlier stages (from the pro-spermatogonium to early leptotene spermatocyte stages), was upregulated in Upf3a-cKO mice, consistent with accumulation of these early germ cells as a result of a partial blockade or delay in progression of spermatocyes through mid-to-late meiosis ( Figure 7A ). To directly assess this possibility, we used the marker, phospho-gH2AX, which permits quantification of leptotene/zygotene spermatocytes (which concentrate phospho-gH2AX in condensed chromosomes) and pachytene spermatocytes (which concentrate phospho-gH2AX in XY bodies) (Turner et al., 2004) . This revealed that Upf3a-cKO mice had a significant reduction in pachytene spermatocytes, but not leptotene/zygotene spermatocytes, as measured by two independent means ( Figures 7B and S7A) , confirming that these mutant mice have a defect in spermatocyte progression.
As another test of whether Upf3a-cKO mice have a spermatocyte progression defect, we used fluorescence-activated cell sorting (FACS) analysis, coupled with Hoescht 33342 staining. Hoescht blue emission quantifies DNA content, allowing one to distinguish between haploid, diploid, and tetraploid cells, while Hoescht red emission quantifies the degree of chromatin condensation, allowing one to segregate different primary spermatocyte subsets (Bastos et al., 2005) . In agreement with the results we obtained using phopho-H2AX staining, Hoescht 33342/FACS analysis showed $6-fold fewer pachytene spermatocytes in Upf3a-cKO mice than in control mice (Figure 7C, population B) . Round and elongated spermatids were reduced by a similar amount ( Figure 7C , population C; Figure 7D ), suggesting their decline was a secondary result of fewer spermatocytes, the cells that give rise to these post-meiotic cells.
As a final assay of the defects resulting from ablation of Upf3a in germ cells, we molecularly analyzed Hoescht/FACS-purified spermatocytes from Upf3a-cKO and control testes. Upf3a-cKO spermatocytes had significantly reduced expression levels of all three spermatocyte markers compared to control spermatocytes ( Figure 7E ), confirming that loss of UPF3A perturbs spermatocyte progression (Figures 7A-7D) . Of note, analysis of these isolated spermatocytes revealed that the excision of Upf3a did not occur in all Upf3a-cKO cells, as there was still 30% residual Upf3a expression in Upf3a-cKO spermatocytes ( Figure S6F ). This putative mosaicism suggests that the severity of the defects we observed is an underestimate of the defects resulting from loss of Upf3a in male germ cells.
To assess whether UPF3A might function prior to meiosis, we examined the effect of UPF3A loss on pre-meiotic germ cellsspermatogonia. The number of spermatogonia was not significantly different in Upf3a-cKO and control mice, as assayed at 1 and 2 weeks of age, when spermatogonia are particularly abundant ( Figures 6D and S7B ). The number of apoptotic testicular cells at 2 weeks of age was also not significantly different between Upf3a-cKO and control mice ( Figure S7C ). Defects became apparent at 4 weeks of age, as shown by the reduced fraction of seminiferous tubules containing elongating spermatids in Upf3a-cKO mice as compared to control mice ( Figures 6D and  S7D) . Furthermore, there was a $3-fold increase in apoptotic (TUNEL+) germ cells in 4-week-old Upf3a-cKO mice ( Figure S7E ).
Next, we examined whether UPF3A dose is critical for spermatogenesis. To this end, we generated and examined mice conditionally lacking one functional copy of Upf3a specifically in male germ cells (Stra8-Cre;Upf3a fl/+ mice). As expected, these Upf3a-cHet mice had $1/2 the normal level of Upf3a expression in the testis ( Figure S7F ). At 4 weeks of age, their testes exhibited decreased expression of several spermatogenic markers (Figure S7G) . A similar pattern of spermatogenic marker expression profile defects was also observed in global Upf3a-heterozygous (Upf3a
) mice testis (data not shown). Hoescht 33342 FACS sorting revealed that Upf3a-cHet mice also had fewer pachytene spermatocytes and postmeiotic germ cells ( Figure S7H ). Spermatocytes purified from Upf3a-cHet mice also had decreased levels of several spermatocyte markers ( Figure S7I ). This reduction in meiotic markers persisted, as it was also observed in older Upf3a-cHet mice ( Figure S7J ). Together, these results suggest that even a modest reduction in the level of UPF3A in germ cells is sufficient to impair spermatocyte progression. We conclude that UPF3A level must be delicately controlled to allow normal spermatogenesis.
UPF3A Is a NMD Repressor In Vivo
The finding that UPF3A is critical for spermatogenesis raised the possibility that it serves as a NMD repressor not only in vitro (Figures 1, 2, 3 , and 4) but also in vivo. To test this, we examined the levels of NMD substrates in spermatocytes purified from Upf3a-cKO and control testes. We found that most NMD substrate RNAs were downregulated in Upf3a-cKO spermatocytes (Figure 7F) , analogous to what occurred when UPF3A was depleted in cultured cells ( Figures 1A, 1D, and 1E ). The two NMD substrates that escaped UPF3A regulation were the non-coding RNAs, Gas5 and Snord22 (Figure 7F ), which also escaped UPF3A-mediated suppression in P19 cells ( Figure 1A) . In addition, we observed that NMD substrates were downregulated in purified spermatocytes from Upf3a-cHet mice ( Figure S7K ), thereby providing an explanation for why these heterozygous mice have spermatogenesis defects. Given that Upf3a-cHet mice have only a $50% reduction of UPF3A levels ( Figure S7F ), these data support the notion that UPF3A acts as a molecular ratchet to control the magnitude of NMD in vivo.
As described above, Upf3b is transcriptionally silenced in spermatocytes through MSCI. This unique regulatory phenomenon provided an opportunity to ask whether UPF3A functions independently of UPF3B in vivo. In particular, it allowed us to distinguish between UPF3A acting as a bona fide NMD repressor versus acting as a weak NMD factor that merely replaces its stronger paralog, UPF3B. If UPF3A serves as a weak NMD factor that competes with UPF3B, this predicts that loss of Upf3a in spermatocytes would have a reduced magnitude of NMD, as these cells also lack Upf3b. Instead, we observed that NMD was stronger when Upf3a was ablated from spermatocytes ( Figures 7F and S7K) , providing strong support for the notion that UPF3A is a bona fide NMD repressor.
To determine whether UPF3A's repressor activity is restricted to germ cells or acts more broadly, we generated mice that conditionally ablate Upf3a in the olfactory epithelium, which has the highest Upf3a expression of all the non-testicular tissues we tested ( Figure 6A ). Olfactory epithelium from Krt5-Cre; Upf3a fl/fl mice had reduced levels of most NMD substrates (Figure 7G ). This result coupled with our finding that the same outcome occurred in response to loss or depletion of UPF3A in other cells-spermatocytes ( Figure 7F ) and three cell lines representing different cell lineages and developmental stages ( Figures  1A, 1D , and 1E)-leads us to conclude that UPF3A is a broadly acting NMD repressor. To decipher the in vivo targets of UPF3A during male meiosis, we in silico extracted mRNAs that are enriched in pachytene spermatocytes from microarray analysis that was performed previously (Namekawa et al., 2006) . We focused on identifying pachytene-enriched transcripts harboring dEJs, as a dEJ is the only well-established and reliable NMD-inducing feature (see the Introduction). From this database, we identified 119 pachytene spermatocyte transcripts with dEJs (Table S3 ), at least ten of which are stabilized by UPF3A in P19 cells (Tables S1 and S3 ). These data, coupled with our finding that UPF3A is essential for the normal progression of spermatocytes, support a model in which UPF3A is highly expressed in spermatocytes to suppress NMD and thereby stabilize NMD substrate RNAs critical for spermatocyte developmental progression, including meiosis ( Figure 7H ).
DISCUSSION
How gene duplications provide biological innovation has long intrigued biologists. Here, we provide several lines of evidence for a gene duplication event that yielded functionally antagonistic gene products. This duplication event, which occurred approximately at the dawn of the vertebrate lineage, acted upon the UPF3 gene, which is essential for the NMD RNA degradation pathway in modern-day invertebrates (Serin et al., 2001) . The vertebrate paralog, UPF3B, has maintained this function (Chan et al., 2007) , while we demonstrated here that that its sister paralog, UPF3A, encodes a potent NMD repressor. Thus, unlike all other known NMD factors, UPF3A is a positive regulator of gene expression. We suggest that this role provides an explanation why UPF3A was selected for over evolutionary time. By acquiring the ability to repress NMD, UPF3A became a volume control to dictate the level of transcripts normally degraded by NMD in order to influence biological events.
While previous examples of antagonistic gene paralogs have been reported, the evolutionary origins and underlying basis for their antagonism has been poorly understood (Stoick-Cooper et al., 2007; Zhang et al., 2013) . Our study identified a simple mechanism by which antagonistic paralog pairs arise-conversion of an activator into a repressor by simple perturbation (through mutation) of a functional domain. This loss-of-function ''strategy'' allows for rapid selection of the repressor paralog, thereby permitting escape from gene deterioration. We obtained several lines of evidence that the particular route taken by UPF3A to become a repressor was to lose the ability to efficiently interact with the EJC. This permitted UPF3A to serve as a molecular decoy that sequesters UPF2 from the NMD machinery and thus impairs NMD function ( Figure 4A ). Of note, however, UPF3A has retained the ability to weakly interact with the EJC (Buchwald et al., 2010; Kim et al., 2001; Kunz et al., 2006) , which provides an explanation for why some NMD substrates escape UPF3A-mediated repression of NMD. Indeed, this may explain how UPF3A can sometimes act as a NMD factor. Thus, we suggest that whether UPF3A serves as a NMD activator or repressor is likely to depend on context.
While Upf3a is ubiquitously expressed, we found it is developmentally regulated in germ cells and exhibits altered expression in different adult tissues. The contribution of transcriptional and post-transcriptional mechanisms to this regulation is not known. It will be interesting to examine the role of its 3 0 UTR in this regulation given that its paralog Upf3b has a relatively long 3 0 UTR that confers regulation in response to neurally expressed miRNAs (Lou et al., 2014; Bruno et al., 2011) . Another contributing factor to Upf3a regulation is alternative splicing. We found that Upf3a alternative splicing is regulated in a tissue-specific manner, which may have functional consequences given that only one UPF3A isoform is capable of repressing NMD. Another level of regulation is protein stability, as we previously showed that UPF3A protein is dramatically destabilized in the presence of its paralog, UPF3B (Chan et al., 2009) . Escape from this destabilization mechanism is probably largely responsible for dictating the high levels of UPF3A protein in meiotic germ cells, as we found these cells largely lack UPF3B. Given that the Upf3a and Upf3b paralogs separated $500 million years ago, only modest selective forces are likely to have been sufficient to lead to their unique expression patterns. We suggest that the ubiquitous but differential expression patterns of these antagonistic paralogs allow for regulated NMD in a wide variety of biological contexts.
Several lines of evidence suggest that UPF3A is a molecular rheostat. First, UPF3A is a potent NMD repressor that acts on a large number of NMD substrates. Using genome-wide analysis, we found that knockdown of UPF3A altered the stability of over 1,000 mRNAs, many of which were previously defined as high-confidence NMD substrates. Second, UPF3A exhibits dose-dependent effects. Even a $50% reduction (i.e., in Upf3a +/À mice) was sufficient to cause shifts in NMD substrate levels and defects in spermatocytes. We suggest that this is because UPF3A normally tightly regulates the levels of key target mRNAs and thus only a modest deviation in their level is detrimental. Third, we found that UPF3A represses NMD even when UPF3B is essentially absent, both in vitro and in vivo. Thus, UPF3A acts as a general NMD repressor, not specifically for the UPF3B dependent-branch of NMD.
One biological scenario in which Upf3a likely acts as a molecular rheostat is developing male germ cells. The least mature male germ cell subset in the testis-spermatogonia-exhibit a high Upf3b/Upf3a ratio and thus would be predicted to have strong NMD ( Figure 7H , cell A). After several rounds of cell proliferation, spermatogonia become spermatocytes, which we found had upregulated Upf3a expression and silenced Upf3b transcription (because of MSCI), resulting in a very low Upf3b/ Upf3a ratio that is $40-fold less than in spermatogonia (Figure 7H, cell B) . We suggest that this dramatic ratio change serves as a switch to suppress NMD and thus strongly upregulate NMD target transcripts important for spermatocytes. Consistent with this, we found that loss of UPF3A in male germ cells causes a large reduction of mid-to-late spermatocytes and all subsequent stages of male germ cells.
What transcripts must be stabilized by UPF3A in spermatocytes to permit progression through this stage of germ cell development? GO analysis of UPF3A-stabilized transcripts identified ''reproduction'' as statistically overrepresented ( Figure 2F ), and many of these transcripts encode proteins that are essential for male fertility. Several, including ING2, EXO1, SGOL2, TERF1, and UBE2B, function in meiosis (Table S6) . Thus, these transcripts are candidates to require UPF3A-mediated stabilization to drive meiotic progression. Another class of potentially important UPF3A targets is mRNAs encoding proteins involved in signaling pathways required for spermatogenesis (e.g., TGFb, WNT, and NOTCH). Another class is mRNAs encoding apoptotic regulators, as we identified 35 UPF3A-stabilized mRNAs encoding proteins involved in apoptosis (Tables S1  and S6 ). This finding coupled with the fact that apoptosis is an obligate requirement for normal spermatogenesis (Print and Loveland, 2000) and Upf3a-cKO mice exhibit increased germ cell apoptosis, raises the possibility that UPF3A controls the normal balance of mRNAs encoding pro-and anti-apoptotic regulators in germ cells to influence their survival. Other candidate UPF3A target mRNAs are the dEJ-containing mRNAs we identified by in silico analysis as being enriched in pachytene spermatocytes (Table S3 ). Many of these high-confidence NMD substrate mRNAs encode proteins involved in RNA metabolism, raising the possibility that UPF3A influences post-transcriptional networks in germ cells. Among the UPF3A-regulated dEJ-containing spermatocyte-expressed mRNAs are those encoding factors acting in the AU-rich element-mediated RNA decay pathway (Table S6 ). Given that this pathway is critical for the rapid induction and repression of such mRNAs, UPF3A may have a role in such events. Another potential target for this type of regulation is Arc, which is transiently induced by synaptic activity in neurons and is critical for learning and memory. It will be interesting to determine the functional significance of Arc's expression and regulation by UPF3A in germ cells (Table S6) .
Another site of UPF3A action is the early embryo. Thus, it will be of interest to determine the identity of transcripts that require UPF3A regulation to permit pre-implantation embryonic development. Intriguingly, GO analysis of UPF3A-stabilized transcripts identified ''chordate embryonic development'' as the most statistically enriched category ( Figure 2F ). Among the subcategories enriched were ''embryonic organ development'' and ''neural tube development,'' which include genes, such as Cdx2 and Sox2 (Table S6) , that are candidates to function downstream of UPF3A in early embryonic development. Other significantly enriched GO categories included ''stem cell differentiation'' and ''growth'' ( Figure 2F ), reinforcing the notion that UPF3A is critical for early development. Given that several UPF3A-stabilized mRNAs encode signaling pathway components, we suggest that these are also good candidates to act downstream of UPF3A. A potentially important site of UPF3A action, in general, is in transcriptional networks, as ''negative transcriptional regulation'' and ''chromatin modifications'' were also statistically enriched categories of UPF3A-stabilized mRNAs ( Figure 2F ). This raises the possibility that UPF3A influences the fate of specific cell types at both the transcriptional and post-transcriptional level. By regulating gene expression at both levels, UPF3A could more dramatically induce critical RNAs during development, and then more rapidly repress their expression once their functions are completed. The ability of UPF3A to dictate the stability of mRNAs encoding transcriptional regulators may also confer robustness to transcriptional circuits, thereby locking in specific developmental states.
The discovery that UPF3A serves as a NMD rheostat has potential clinical implications. For example, genetic diseases caused by dominant-negative proteins produced from genes harboring nonsense and frameshift mutations are candidates to be treated with UPF3A inhibitors. Such agents would enhance NMD activity, leading to reduced expression of deleterious dominant-negative proteins. In conclusion, we suggest that the discovery that UPF3A is a NMD repressor has widespread implications for evolutionary biology, RNA biology, and medicine.
EXPERIMENTAL PROCEDURES
Please see the Supplemental Experimental Procedures for further information on all sections.
Animal Care
This study was carried out in strict accordance with the Guidelines of the Institutional Animal Care and Use Committee (IACUC) at the University of California, San Diego. The protocol was approved by the IACUC at the University of California, San Diego (permit number: S09160). All animals were housed under a 12 hr light:12 hr dark cycle and provided with food and water ad libitum. Euthanasia was performed by CO 2 inhalation for 5 min followed by cervical dislocation.
Mammalian Cell Culture and Transfection P19 and HeLa cells were transfected using Lipofectamine 2000 (Invitrogen) and TransiT-2020 (Mirus) , respectively. MEFs and mNSCs were electroporated using the Nucleofector Kit for mouse neural stem cells (Lonza) in accordance with the manufacturer's protocol. shUpf3a and shControls were from Thermofisher. siUpf3a and siControls were from GE Dharmacon (ON-TARGETplus SMART-pool siRNA). Stable HeLa shUPF3A knockdown cells are described in Chan et al. (2007) .
Generation of Upf3a Mutant Mice
Upf3a exon 3 was selected to be flanked by loxP sites. The targeting vector included a Neomycin-resistance cassette flanked by a FRT site, which upon recombination by CRE generates a truncated form of UPF3A protein lacking both the UPF2-and EJC-interacting domains (Kadlec et al., 2004) . Primers used to generate Southern blot probes and to genotype Upf3a mutants are listed in Table S4 .
RNA, Luciferase, and Protein Analysis Total cellular RNA was isolated from cells and tissues using Trizol (Invitrogen), as previously described (Lou et al., 2014) . NMD activity was measured using the NMD reporter plasmids pCI-Neo-WT PTC (À) and pCI-Neo-NS39 PTC (Boelz et al., 2006) . They were co-transfected with pCI-Neo-FLY, a Firefly luciferase control plasmid. Western blot analysis was performed as previously described (Chan et al., 2007) . Histology and immunofluorescence of testis sections were performed as previously described (Song et al., 2012) . Expression vectors were obtained from the A. K. laboratory (Kunz et al., 2006) .
RNA-Seq Library Construction and Data Analysis
RNA-seq analysis was performed on P19 cells that were transfected with siControl or siUpf3a and then subsequently actinomycin D. RNA quality was assessed using an Agilent Bioanalyzer. Libraries were generated using Illumina's TruSeq RNA Sample Preparation Kit. Raw data analysis was performed using the Tuxedo suite and RStudio for subsequent procedures (Trapnell et al., 2010) .
Phylogenetic Tree Construction
Phylogenetic analysis of UPF3 protein-coding sequences was done using 17 representative animal taxa. Values above 90% are indicated at the respective nodes. The tree is rooted on the five protostome taxa.
Co-immunoprecipitation Assay
CoIP was performed as described in Frank et al. (2010) .
Germ Cell Profiling
Isolation and dissociation of cells from seminiferous tubules were performed as previously described (Bastos et al., 2005; McCarrey and Dilworth, 1992) . FACS analysis was performed at the UCSD Human Embryonic Stem Cell Core Facility with a BD Influx Cell Sorter (BD Biosciences).
ACCESSION NUMBERS
The expression number for RNA-sequencing of mouse P19 half-life samples upon loss of UPF3A reported in this paper is GEO: GSE77262. 
